Strains of the Lactobacillus casei group have been extensively studied because some are used as probiotics in foods. Conversely, their phages have received much less attention. We analyzed the complete genome sequences of five L. paracasei temperate phages: C L 1, C L 2, iLp84, iLp1308, and iA2. Only phage iA2 could not replicate in an indicator strain. The genome lengths ranged from 34,155 bp (iA2) to 39,474 bp (C L 1). Phages iA2 and iLp1308 (34,176 bp) possess the smallest genomes reported, thus far, for phages of the L. casei group. The GC contents of the five phage genomes ranged from 44.8 to 45.6%. As observed with many other phages, their genomes were organized as follows: genes coding for DNA packaging, morphogenesis, lysis, lysogeny, and replication. Phages C L 1, C L 2, and iLp1308 are highly related to each other. Phage iLp84 was also related to these three phages, but the similarities were limited to gene products involved in DNA packaging and structural proteins. Genomic fragments of phages C L 1, C L 2, iLp1308, and iLp84 were found in several genomes of L. casei strains. Prophage iA2 is unrelated to these four phages, but almost all of its genome was found in at least four L. casei strains. Overall, these phages are distinct from previously characterized Lactobacillus phages. Our results highlight the diversity of L. casei phages and indicate frequent DNA exchanges between phages and their hosts.
T
he Lactobacillus casei group includes the species L. casei, L. paracasei, and L. rhamnosus, which are very closely related. They are grouped within the larger casei group because their species boundaries have not always been clear and, historically, their nomenclature has been sometimes controversial (1) (2) (3) . Nonetheless, progress has been made in their classification (2, 4, 5) .
Strains within this group are used in many fermented dairy products, where they contribute to flavor development (6) . They can also be introduced into foods at a specific final concentration to provide a functional characteristic (probiotic). They are also used as starter cultures and propagate during the fermentation (7) . In all of these cases, lactobacilli cells are targets for phage attacks, since virulent bacterial viruses are natural contaminants of food processing factories (8) . In addition, it is well known that lysogeny is widespread in the genus Lactobacillus (9, 10) . It was even suggested that these Lactobacillus prophages may evolve to become virulent phages (11) . Within the L. casei group, high frequencies of prophage induction by mitomycin C treatment were observed in 10 out of 11 commercial strains, supporting the potential risks of introducing new phages within manufacturing facilities (10) .
Genome sequencing has become necessary for the classification of prokaryote viruses and for understanding their evolution (12) . Complete genome sequences of several phages infecting lactic acid bacteria (LAB) are now available in public databases. Most of these infect Lactococcus lactis (13) and Streptococcus thermophilus (14) , as well as Lactobacillus spp. More than 40 Lactobacillus prophage and phage genome sequences are available, including phages infecting diverse Lactobacillus species, such as L. gasseri (15) (16) (17) (18) , L. johnsonii (19) (20) (21) , L. plantarum (22) (23) (24) (25) (26) (27) , L. casei, L. paracasei, L. rhamnosus, and L. zeae (16, (28) (29) (30) (31) (32) (33) (34) (35) , L. helveticus (36) , L. delbrueckii (37) (38) (39) (40) (41) (42) , L. salivarius (16) , L. sanfranciscensis (43) , L. fermentum (44, 45) , L. brevis (46) , and L. jensenii (47) .
Morphology is the historical and still useful parameter for classifying phages. More than 40 phages of the L. casei group have been reported to date, mostly belonging to the Siphoviridae family (isometric capsid, long noncontractile tail) (48) . The first casei phages were isolated from abnormal production of the fermented milk (Yakult): phages J-1 in 1965 (49) and PL-1 two years later (50) . Their genome sequences were released only recently (32) . A few other genome sequences of L. casei group phages are available, namely, A2 (28, 33, 34) , phiAT3 (29) , Lc-Nu (31) , and Lb338-1 (35) , as well as prophages Lca1 (16) and Lrm1 (30) . Among these fully sequenced phage genomes, Lb338-1 is the only myophage (contractile tail) and possesses a much larger genome with a particularly low-GC content (35) .
We analyzed five L. paracasei phages: C L 1, C L 2, iA2, iLp84, and iLp1308. Phages C L 1 and C L 2 were previously isolated from a spontaneously lysed culture of the probiotic strain L. paracasei A used in commercial milk beverages (51) . Phage iA2 was previously induced by mitomycin C from the same probiotic strain, L. paracasei A (51). Phage iLp84 was isolated from a mitomycin C-induced strain, L. paracasei 84, and propagated on the indicator strain, L. paracasei INL3 (10) . Similarly, phage iLp1308 was iso-lated from mitomycin C treatment of L. paracasei CNRZ 1308 and replicated in L. paracasei A14 (10) . Phage iLp1308 has the same host range as phages C L 1 and C L 2, while the host range of phage iLp84 is restricted to fewer strains. We sequenced the genomes of these five phages to shed light on their genetic relationships, as well as to increase our understanding of phages infecting probiotic L. paracasei strains.
MATERIALS AND METHODS
Bacterial strains, phages, and culture conditions. L. paracasei strains A, A14, and INL3 were grown at 37°C in MRS broth (Difco). Identification of the strains used in the present study was previously confirmed (10) by species-specific PCR (5). Prophage iA2 was induced from L. paracasei strain A using mitomycin C (Sigma-Aldrich) at a final concentration of 0.6 g/ml, as described previously (51) . Phage iA2 could not be propagated on any indicator strain. Phages C L 1 and C L 2, originally isolated from L. paracasei A, were propagated on that strain. Phages iLp84 and iLp1308 were propagated on the indicator strains L. paracasei INL3 and A14, respectively (10) . Phages were then purified by three rounds of plaque purification using their respective indicator strain. All five phages were confirmed to belong to the Siphoviridae family by electron microscopy, as shown elsewhere (51, 52) . To amplify the phages, host bacteria were grown to an optical density (600 nm) of 0.2 in MRS broth supplemented with 10 mM CaCl 2 (MRS-Ca) and infected with phages at ϳ10 4 PFU/ml, followed by incubation at 37°C until lysis. Phage lysates were filtered through a 0.45-m-pore-size filter (Sarstedt) and kept at 4°C until use. Phage enumeration was assessed through the double-layer method (53), using MRS-Ca supplemented with 100 mM glycine (MRS-Ca-Gly) to increase the plaque size (54) . Plates were incubated at 37°C for 18 h. The phages and bacterial strains used in the present study were stored at DNA isolation and sequencing. Phage genomic DNA was isolated using a Qiagen lambda maxi kit (Qiagen). To determine the genome extremities, phage DNA was cleaved with BglII (Roche Diagnostics) according to the manufacturer recommendations. DNA fragments were resolved in a 0.8% agarose gel in 40 mM Tris-acetate-1 mM EDTA buffer, stained with EZ-Vision Three (Amresco), and visualized under UV light. An aliquot of each digested phage DNA was heated at 75°C for 10 min prior to gel electrophoresis. The presence of an extra phage genomic fragment in the heated samples indicated the presence of cos-type genome extremities.
Sequencing libraries were prepared with the Nextera XT DNA library preparation kit (Illumina) according to the manufacturer's instructions. The libraries were sequenced using a MiSeq reagent kit v2 (Illumina; 500 cycles) on a MiSeq system. De novo assembly was performed with Ray assembler versions 2.1.1-devel and 2.2.0-devel using a k-mer size of 31 (55) . A single contig was obtained for all phages with mean coverage depths of 2,536, 2,396, 2,828, 938, and 2,923 for phages C L 1, C L 2, iA2, iLp84, and iLp1308, respectively. Genome extremities were amplified using converging primers, and the PCR products were sequenced by the Sanger method using an ABI 3730xl apparatus at the sequencing and genotyping platform of the Centre Hospitalier de l'Université Laval. These latter phage sequences were assembled with Staden software (v2.0.0b9) (56) .
Bioinformatics analysis. Complete phage genomes were analyzed with BioEdit (57) . Open reading frames (ORFs) were predicted with the command line version of GeneMarkS (version 4.29) using the setting for phage genomes (58) . The identified ORFs were confirmed with ORF Finder (http://www.ncbi.nlm.nih.gov/gorf/gorf.html). ORFs were considered candidates for evaluation when they encoded 25 or more amino acids (aa), and possessed both a conserved Shine-Dalgarno sequence (5=-AAGGAGGT-3=) and a start codon (AUG, UUG, or GUG). BLASTp was used to compare translated ORF products with known proteins. Hits were considered valid when the E value was lower than 10 Ϫ3 . Conserved domains in protein sequences were identified with the NCBI CD-search interface to search the Conserved Domain Database (http://www.ncbi .nlm.nih.gov/Structure/cdd/wrpsb.cgi). Physicochemical parameters of predicted proteins were calculated with the ProtParam Tool from the ExPASy proteomics server (http://web.expasy.org/protparam/). The bioinformatic tools tRNAscan-SE 1.21 (http://lowelab.ucsc.edu/tRNAscan -SE/) and ARAGORN (59) were used for tRNA gene detection. Phage codon usage was calculated using the Countcodon program (http://www .kazusa.or.jp/codon/) and compared to the codon usage of L. paracasei, obtained from the same database. For the alignment figures, phage and prophage protein sequences were compared using BLASTp 2.2.28ϩ (60) . The percent identity between proteins was calculated by dividing the number of identical residues by the size of the largest protein. The genome maps were generated using the GenoPlotR package (61) .
Terminase phylogeny. The phylogenetic tree of the terminase was generated with a data set including sequences representing the main phage groups (62) . The sequences were aligned using MAFFT with the automatic settings. The alignment was converted to the PHYLIP format with compatible name using in-house Python script. The most probable amino acid substitution model was determined using ProtTest 3.2 (63). The best model was then implemented in PhyML 3.0 to calculate the best tree (64) . Branch support value was established using the Shimodaira-Hasegawalike procedure (65) . The leaves of the tree were renamed using the Newick utility package (66) . Finally, the tree was rendered using the web interface ITOL (67) .
Nucleotide sequence accession numbers. The complete genome sequences of phages C L 1, C L 2, iA2, iLp84, and iLp1308 have been deposited in GenBank under accession numbers KR905066, KR905067, KR905068, KR905069, and KR905070, respectively.
RESULTS AND DISCUSSION
Phage genome overview. The five phage genomes analyzed in the present study were double-stranded DNA molecules, and their general features are shown in Table 1 . The genome sizes of phages C L 1, C L 2, and iLp84 ranged from 38,751 to 39,474 bp and were similar to most L. casei group phages already described ( Table 1 ). The genomes of phages iA2 (34,155 bp) and iLp1308 (34,176 bp) were ϳ2 kb shorter than the genome of phage Lc-Nu (36,466 bp), the smallest genome of L. casei phage reported before this study ( Table 1 ). The GC content (44.8 to 45.6%) of the five phages was similar to the other L. casei group phages ( Table 1 ). The previ- ously characterized L. paracasei myophage Lb338-1 has a much lower GC content (37.4%), but it differs in structure from the L. casei phages and has a much larger genome (35) . The genome of prophage iA2 has cohesive extremities with 3= overhangs that are 10 nucleotides (nt) long (CGGCATGCAA). Of note, when this sequence is ligated, it generates an orf coding for a HNH endonuclease. Hence, we elected to end the map of prophage iA2 after this orf, and we located the cos site at positions 34135 to 34144. Genome organization. Table 2 provides the analysis of the predicted ORFs for phage C L 1. Homologous ORFs predicted for phages C L 2, iLp84, and iLp1308 and their respective amino acid identities with the deduced proteins of phage C L 1 are indicated as well. Phage C L 1 was chosen as the reference because it has the highest identity with the other three phages (C L 2, iLp84, and iLp1308; see Fig. 1 , discussed below). Because prophage iA2 does not have significant similarity to these four phages, Table 3 presents the analysis of its 50 predicted ORFs, including 24 with a probable function. The organization of these genomes is modular and resembles that reported for other L. casei phages. Their genomes have clusters of genes involved in DNA packaging, morphogenesis, lysis, lysogeny, and replication ( Fig. 1 and Tables 2  and 3 ). Still, as illustrated in Fig. 1 , the five phages described here are clearly distinct from the other phages of the L. casei group characterized to date.
Phylogeny and comparative analysis of the phages. We looked at the relationships of these five phages to other phages using one of the most conserved genes: the large terminase subunit. This gene was used previously in attempts to classify phages (68). Casjens et al. (62) also proposed to use the terminase phylogeny for classification of phages into different groups according to their encapsidation mechanism. Figure 2 presents the phylogenic analysis of a data set of terminase sequences, including the five phages of this study and others present in public databases. Based on terminase phylogeny, the phages C L 1, C L 2, iLp84, and iLp1308 are highly related and possess a P22-like headful mechanism. Among Lactobacillus phages, only phages Lj965 (infecting L. johnsonii) and LL-H (L. delbrueckii) have this feature, and only Lj965 is related to the five L. paracasei phages. The other L. casei group phages sequenced thus far have a 3=-extended cos packaging system similar to phage iA2. These findings highlight the diversity in this group of phages.
Among the other phages of the L. casei group presenting 3=-extended cos ends, the large terminase subunits of phages A2, J-1, PL-1, and prophage Lrm1 are closely related. As indicated previously, phages J-1 and PL-1 were isolated during the manufacture of Yakult in the mid-1960s, and they are almost identical (49, 50) . However, phage PL-1 infects a strain insensitive to J-1 (49, 50) . Prophage iA2 shares a low level of similarity to these phages, but it falls within the same cluster based on terminase phylogeny (Fig. 2) .
Genomic comparison of phages C L 1 and C L 2. As shown in Fig. 1 , phages C L 1 and C L 2 are highly related (Ͼ80% identity), and they were both amplified on the same strain, L. paracasei A. The differences were mainly found in genes coding for nonstructural proteins, probably involved in replication, regulation, and lysogeny. Both phages have homing endonucleases of similar size (ORF61/C L 1 and ORF3/C L 2), but with low genetic identity. The presence of at least three genes encoding putative transposases in C L 1 (ORF33, ORF35, and ORF36) and one in C L 2 (ORF37) ( Table 2 ) was somewhat surprising and may be responsible for phage diversity since transposases can promote genome rearrangements and genetic exchange. In C L 1, however, only ORF35 and ORF36 seem to be functional, based on their protein size. The former (ORF35) has 381 amino acid residues, and transposases of similar length (and with Ͼ71% identity) were reported for diverse species of Lactobacillus, including L. paracasei phage Lb338-1, but also strains of L. brevis, L. kisonensis, L. pentosus, L. malefermentans, and Sporolactobacillus laevolacticus. The ORF36 transposase has 141 amino acid residues and also seems to be complete, although the identity to enzymes of similar size was lower and corresponded mainly to transposases of L. versmoldensis, L. salivarius, and several species of Staphylococcus. Phage C L 2's ORF37, which has a very high amino acid identity to ORF33 of C L 1, has only 50 amino acid residues, and this gene product is likely not functional. Based on BLAST analysis, similarities were found only to partial sequences of reported transposases of Staphylococcus aureus and S. epidermidis.
Genomic comparison of the phages C L 1 and iLp1308. The genome of phage iLp1308 is ϳ5 kb smaller than C L 1 and C L 2 but retains a high level of identity with them, especially in genes involved in DNA packaging, morphogenesis, and cell lysis. Inverted repetitions (285 bases) flank orf29 and orf34 (4.3 kb apart) in the genome of iLp1308 (Fig. 3 ), but they are absent in the other four phages. The region between these repetitions in the genome of phage iLp1308 contains six genes encoded on the opposite strand, probably as a result of a recombination event. Similarly, phage C L 1 has a 4.9-kb region (from orf32 to orf40) that is missing between orf32 and orf33 in phage iLp1308 (Fig. 3) . This 4.9-kb region contains genes encoding the antirepressor protein, the tcdA-tcdE operon negative regulator, and transposases, as discussed previously. These DNA rearrangements may have occurred during past integration/excision events from bacterial genomes.
Analysis of phage iLp84 genome. Phage iLp84 has a genome size similar to those of C L 1 and C L 2, but the identity is limited to genes and proteins involved in DNA packaging and morphogenesis. The tail tape measure, tail fiber, and tail-host interaction proteins are the largest structural proteins among these phages. Some of them share high amino acid identities (Ͼ80%). The tail fiber and tail-host interaction protein of phage iLp84 possesses 72 to 78% amino acid identity with the corresponding proteins in phages C L 1, C L 2, and iLp1308. In support of the similarities between the tail-host interaction proteins, these four phages have the same host range (10) . Conversely, the tail tape measure protein of phage iLp84 does not have significant identity with the other phages.
Analysis of phage iA2 genome. The genome of phage iA2 is completely different from the other phages infecting the L. casei group, suggesting a different origin. The endolysin (ORF22) is the only protein that has similarity with proteins of phages C L 1, C L 2, and iLp1308, whereas ORF38 (putative DNA repair protein) has similarity with a protein of phage iLp84. These differences are in accordance with other distinct phenotypes. For example, phage iA2 is readily induced at high level after treatment with mitomycin C but we could not find an indicator strain for this phage. As discussed below, phage iA2 is highly similar to putative prophages extracted from the genomic sequences of strains of the L. casei group available in GenBank (Fig. 4) .
Comparison with prophages. The occurrence of prophage DNA within bacterial genomes is common and the presence of such sequences can be identified using bioinformatic tools such as PHAST. Bacterial genomes can harbor inducible prophages but also altered/remnants of prophages displaying insertions, deletions, or rearrangements (16) . The BLAST analyses of the five phage genomes characterized in the present study revealed that they are more closely related to prophage sequences found in bacterial chromosomes (data not shown). These prophage sequences were found in the genome of L. casei strains but also in strains of the other two species of the casei group, L. paracasei and L. rhamnosus. This is likely due to the high degree of relatedness among species included in the casei group (5). Some Lactobacillus phages were previously assumed to be able to cross the species barrier. For example, L. rhamnosus phage Lc-Nu is homologous to the L. casei temperate phages phiAT3 and A2 (31) . Phages C L 1 and C L 2 showed high identity with sequences found in L. rhamnosus strains ATCC 53103, GG, and LOCK900, and L. casei strains 12A and ATCC 334 (data not shown). However, alignments were always fragmented and covered, in the best cases, just 48 to 50% of phage C L 1 and C L 2 genomes. Homology between the genomes of C L 1/C L 2 and the genome of L. casei ATCC 334 was detected in two different regions, one being the prophage Lca1 (16) . The genome of phage iLp1308 aligned relatively well with sequences in the genomes of three L. casei strains: W56, BD-II, and BL-23 (data not shown). Sequences identical to the phage iLp84 genome were found in the genomes of the same L. casei strains (data not shown).
Interestingly, the genome of the prophage iA2 was also observed in the L. casei strains discussed above (W56, BD-II, and BL-23) and also in L. casei LC2W (Fig. 4) . Unlike the other four phages studied, the identity to prophage iA2 sequences found in these four bacterial genomes was very high (from 99.90 to 99.98%) and included virtually the entire prophage genome, although with some rearrangements. Three other fully sequenced Lactobacillus strains contained very large fragments of iA2 prophage (L. paracasei N1115 and 8700:2 and L. casei LOCK919) (Fig. 4) .
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share high amino acid identity (Ͼ99%) with the predicted proteins of prophage iA2. A second prophage, found in each of these four bacterial strains, was found to be very well conserved (prophage group 2) but with noticeably lower identity to group 1. About half of the deduced ORFs of L. casei LOCK919 and L. paracasei N1115 prophages, and only 4 ORFs of L. paracasei 8700:2 prophage possess amino acid identity over 99% (Fig. 4) . Nonetheless, for most ORFs of these three phages, identity with prophages of group 1 is still high, indicating that they could belong to the same group (data not shown). All prophages of group 1 and prophages of L. casei LOCK919 and L. paracasei N1115 are integrated at the same site, in a region coding for a tRNA-Leu. Prophage of group 2 are integrated in a region coding for a tRNA-Arg. Taken altogether, these comparisons highlighted the widespread occurrence of phage-related sequences in strains of the casei group. These prophage sequences significantly contribute to their diversity. It is tempting to speculate that perhaps prophage sequences could be used as markers for either strain identification or tracking. Presence of tRNA in phage genomes. Although the importance of tRNAs in phage genomes is not fully understood, their presence is relatively common, particularly in large genomes (69) . One tRNA was detected in the genomes of phages C L 2 and iLp84. No tRNA was detected in the smaller genomes of phages iLp1308 and iA2 (Table 4) . Table 4 lists the tRNA present in the available phage genomes of the L. casei group. Phage Lb338-1 is the only one with more than one tRNA in its genome. Phage iLp84 tRNA provides the amino acid isoleucine (Ile, ATA). This tRNA is similar to the one found in phage A2, but the A2 tRNA provides the amino acid leucine (TTA). The isoleucine codon ATA is used by L. paracasei at frequencies of 3.7%, while for phage iLp84 it is 13.2%. This observation supports the hypothesis that phages encode tRNAs corresponding to codons less frequently used by the host bacteria to favor the expression of phage proteins (61) .
Conclusion. Lactobacillus phages have been studied less than other phages of lactic acid bacteria (48) . The interest in this genus has been eclipsed by substantial studies on Lactococcus lactis and Streptococcus thermophilus, the main species of LAB used as starters in the dairy industry (70) . However, strains of the L. casei group (L. casei, L. paracasei, and L. rhamnosus) are now widely used as probiotics in foods. It is recognized that increased used of LAB will eventually lead to infection by virulent phages (70) . Therefore, Lactobacillus phages deserve attention, considering the potential risk of losses associated with phage infections of probi -5 kb   CL1_0001  CL1_0002  CL1_0003  CL1_0004  CL1_0005  CL1_0006  CL1_0007  CL1_0008  CL1_0009  CL1_0010  CL1_0011  CL1_0012  CL1_0013  CL1_0014  CL1_0015  CL1_0016  CL1_0017  CL1_0018  CL1_0019  CL1_0020  CL1_0021  CL1_0022  CL1_0023  CL1_0024  CL1_0025  CL1_0026  CL1_0027  CL1_0028  CL1_0029  CL1_0030  CL1_0031  CL1_0032  CL1_0033  CL1_0034  CL1_0035  CL1_0036  CL1_0037  CL1_0038  CL1_0039  CL1_0040  CL1_0041  CL1_0042  CL1_0043  CL1_0044  CL1_0045  CL1_0046  CL1_0047  CL1_0048  CL1_0049  CL1_0050  CL1_0051  CL1_0052  CL1_0053  CL1_0054  CL1_0055  CL1_0056  CL1_0057  CL1_0058  CL1_0059  CL1_0060  CL1_0061  CL1_0062   iLp1308_0001  iLp1308_0002  iLp1308_0003  iLp1308_0004  iLp1308_0005  iLp1308_0006  iLp1308_0007  iLp1308_0008  iLp1308_0009  iLp1308_0010  iLp1308_0011  iLp1308_0012  iLp1308_0013  iLp1308_0014  iLp1308_0015  iLp1308_0016  iLp1308_0017  iLp1308_0018  iLp1308_0019  iLp1308_0020  iLp1308_0021  iLp1308_0022  iLp1308_0023  iLp1308_0024  iLp1308_0025  iLp1308_0026  iLp1308_0027  iLp1308_0028  iLp1308_0029  iLp1308_0030  iLp1308_0031  iLp1308_0032  iLp1308_0033  iLp1308_0034  iLp1308_0035  iLp1308_0036  iLp1308_0037  iLp1308_0038  iLp1308_0039  iLp1308_0040  iLp1308_0041  iLp1308_0042  iLp1308_0043  iLp1308_0044  iLp1308_0045  iLp1308_0046  iLp1308_0047  iLp1308_0048  iLp1308_0049  iLp1308_0050   <9  9  0  8  97  96  95  94  93  92  91 >99.5 99 * * *
FIG 3
Comparison of the DNA and amino acid identity (blue-filled arrows) between the phages C L 1 and iLp1308. The level of amino acid identity is shown with a white-blue gradient where ORFs represented by white arrows share Ͻ90% identity. The ORFs represented by blue arrows share 90% identity or more, with the shade of blue increasing with the level of identity as indicated by the legend. DNA identity between both genomes is also indicated for sequences running in the same (red shadows) or in opposite directions (blue shadows). Asterisks indicate transposases in the genome of phage C L 1. Black triangles indicate 285-nt inverted repeats in the genome of phage iLp1308 . int  9560  9570  9580  9590  9600  9610  9620  9630  9640  9650  yqaJ  9670  recT  orf8  9700  pi346  9720  9730  9740  9750  ORF39  9770  9780  9790  54  9810  9820  9830  clpP  9850  9860  9870  9880  9890  9900  9910  9920  9930  9940  9950  9960  9970  orf59  9990  ejh  10010   lys   ORF23  ORF24  ORF25  ORF26  ORF27  ORF28  ORF29  ORF30  ORF31  ORF32  ORF33  ORF34  ORF35  ORF36  ORF37  ORF38  ORF39  ORF40  ORF41  ORF42  ORF43  ORF44  ORF45  ORF46  ORF47  ORF48  ORF49  ORF50  ORF1  ORF2  ORF3  ORF4  ORF5  ORF6  ORF7  ORF8  ORF9  ORF10  ORF11  ORF12  ORF13  ORF14  ORF15  ORF16  ORF17  ORF18  ORF19  ORF20  ORF21  ORF22 otic bacteria, whose replacement with suitable strains is difficult to achieve.
In previous studies we demonstrated the high occurrence of prophages in probiotic strains added to dairy foods (10, 51) . Here, we characterize five new phages of the increasingly important L. casei group, including four that can replicate in indicator strains. These phages are distinct from the previously characterized Lactobacillus phages and can be divided into two groups (C L 1/C L 2/ iLp1308/iLp84 and iA2). Our results also point out what appears to be a high frequency of recombination events between phages and their host prophages, leading to phage and host diversity. These findings also suggest that new Lactobacillus phages likely remain to be discovered.
Our comparative genomic analyses also suggest ample distribution of prophages in the genomes of strains across the L. casei group. This offers a reservoir of genes that could be used by virulent phages to rapidly evolve (71, 72) . The impact of these phagehost interactions on the properties (including probiotics), phenotypes, and stability of Lactobacillus strains is currently unknown. Future research should look to discover the frequency of these interactions and their impact on strain activities. It would also be of interest to study the different molecular mechanisms used by Lactobacillus to defend against these phages (73) . 
